Integrated multitrophic aquaculture (IMTA) has been proposed as a solution to 12 nutrient enrichment generated by intensive fish mariculture. In order to evaluate the potential 13 of IMTA as a nutrient bioremediation method it is essential to know the ratio of fed to 14 extractive organisms required for the removal of a given proportion of the waste nutrients. 15
Introduction 37
The constantly increasing demand for seafood, during a period of overexploitation of the 38 fisheries sector can only be met by sustainable growth of aquaculture. This growth is limited 39 by the environmental impacts and economic requirements of intensive monoculture of fed 40 species. Moreover, rapid and uncontrolled expansion of the aquaculture sector challenges the 41 realization of an Ecosystem Approach to Aquaculture (Soto, 2008) . If industry expansion is 42 not regulated and developed appropriately, it has the potential to cause further damage to the 43 environment. It has been proposed that expansion of marine aquaculture in parallel with 44 environmental protection can be achieved using Integrated Multi-Trophic Aquaculture 45 where, P is the photosynthetic response at a given light intensity I (W m −2 ) for an organism 270 that has a maximum photosynthetic rate P max at the optimal (saturating) light intensity I opt and 271 I is the light intensity at a given depth (z). Light intensity at a given depth is an exponential 272 function of depth, seaweed and phytoplankton standing biomass and is given by: 273 where, q 10 is a temperature coefficient, T is the water temperature and !"# is the reference 287 temperature at which the seaweed growth rate was measured. The q 10 temperature coefficient 288 is a measure of the rate of change of a biological or chemical system as a consequence of 289 increasing the temperature by 10°C (Raven and Geider, 1988) . 
315
(mg g -1 dw h -1 ), S is the total DIN concentration in the seawater (mg l -1 ) and ! is the half-317 saturation coefficient for the uptake of nitrogen (mg l -1 ). 318 319 By combining Eqs. 11, 12 and 13 we obtain: 320
The bioremediation effect of IMTA is closely dependent on the biomass of extractive 324 organisms harvested. However, the maximum biomass is restricted by culture practicalities 325 such as the potential alteration of water currents and by the availability of nutrients. The 326 maximum biomass is site and species dependent, and for the baseline simulation presented in 327 this study the maximum seaweed biomass permitted to be on site at any given time was set at 328 35 tonnes wet weight. The area required for the culture of 35 t of Ulva, with stocking density 329 of 1.6 kg/m 2 and two layers of seaweed one at the sea surface and one 3 m deep would be 330 10,937 m 2 . This stocking density was selected because the maximum density permitted to 331 guarantee the greatest uptake of nutrients in U. lactuca is 1.9 kg m -2 (Neori et al. 1991 ). The 332 area required for the seaweed culture is used for the estimation of the virtually closed IMTA 333 site's water volume, which is estimated using the following formula: 334
335
'IMTA site volume' = 'Average depth' * 'Number of salmon cages' * 'Sea cage area' + 'raft 336 area' * 'number of rafts' * 'Average depth'. 337 338 Seaweed is lost due to mortality, harvesting and natural biomass loss (seedling mortality, 339 grazing, epiphytism, sediment abrasion and smothering and removal by wave action). 340
Managing the harvesting rate is of paramount importance for achieving high productivity 341 rates. For optimal results, in the present model, when the seaweed biomass reaches a 342 predefined level (35 t in the baseline simulation) the seaweed is harvested at regular time 343 intervals. The biomass harvested depends on the forecasted growth and natural mortality rate 344 of the forthcoming days. A discrete flow in the model controls the loss of seaweed biomass 345 due to harvesting; the rate of the flow (harvest rate) is regulated by the following instruction: 346 energy reserves (E) and on two forcing variables: temperature (T) and food density (X). The 379 basic concept of the theory is that from the food ingested a certain amount is released as 380 faeces and the rest is assimilated. All the assimilated food enters a reserve compartment. 381
From there a fixed fraction will be spent on maintenance and the rest will spend on maturity 382 or reproduction (Kooijman, 1986) . A detailed description of the DEB can be found at 383 
where, ( ) is a temperature dependent rate, { ! } is the maximum surface area-specific 418 ingestion, V is the structural volume and f is the functional response that can range between 0 419 and 1 and is given by: 420
The saturation coefficient (X K ), is analogous to a Michaelis-Menten constant, in this case 424 being the food density at which the ingestion rate is half the maximum. For the calculation of 425 the food density in the environment (X), the concentration of PON is converted to organic 426 carbon concentration. 427 428 DEB models assume that the assimilation rate, ( ! ), is independent of the ingestion rate: 429
where, ( ) is a temperature dependent rate, f is the functional response, !" is the 433 maximum surface area specific assimilation and V is the structural volume. 434
435
The food that is ingested but not assimilated as biomass will be released to the environment as 436 faeces or as excretion by diffusion. The DEB model enables estimation of the potential 437 amounts of faeces released by the sea urchins by estimating the hourly production of faeces 438 released into the surroundings using Eq. 20 for the faeces production in ( !! ) and Eq. 439 21 for the excretion rate in ( !! ). Eq. 20 is then divided by the C/N ratio in order to 440 calculate the amount of PON that is in the sea urchin faeces, which is assumed to be 441 immediately added to the PON and DIN pools and is thus available for consumption by the 442 sea urchins and seaweed, respectively. 443
where, ! is the consumption rate, ! is the assimilation rate and µ cj is the ratio of carbon to 447 energy content. 448
where, ! is the catabolic rate, k R are the reproductive reserves fixed in the eggs, E R are the 452 reproductive reserves, µ V is the structural energy quota, ρ is the biovolume density, V is the 453 structural volume, Q is the sea urchin N quota, ! is the assimilation rate, µ cj is the ratio of 454 7, which is a representative value for an average Scottish salmon farm site. 458
459
The assimilated energy from the food enters the reserve pool. The energy density [E] in an 460 organism may vary between 0 and the maximum energy density [E m ] depending on the food 461 density in the environment. 462
where, ! is the assimilation and ! the catabolic rate. 465
466
The sea urchin catabolic rate) ( ! ) denotes the energy utilised by the structural body and is 467
given by: 468
where, ( ) is a temperature dependent rate, is the reserves, ! the volume specific 472 cost of growth, the catabolic flux to growth and maintenance, !" the maximum surface 473 area specific assimilation, the structural volume, ! the maximum reserve density and 474 ! the volume specific maintenance rate. 475
476
The rate of maintenance cost of the animals ( ! ) is proportional to the body volume and 477 calculated with Eq. 24. Since the sea urchins will be mature the maturity maintenance Pj is 478 also used Eq. 25: 479
where, ( ) is a temperature dependent rate, ! is the volume specific maintenance rate, 485 is the structural volume, ! is the structural volume at puberty and is the catabolic flux to 486 growth and maintenance. 487
488
The sea urchin structural volume growth (V) is given by: 489
where, is the catabolic flux to growth and maintenance, ! is catabolic rate, ! is the 493 maintenance rate and ! is the volume specific cost of growth. 494
495
In this model we are also interested in the body mass (W) of the sea urchins, in order to 496 calculate the total biomass of the stock. To convert volume to dry weight Eq. 27 is used: 497
where, V is the structural volume, ρ is the biovolume density, E and E R are reserves and 501 reproductive reserves, respectively, k R are the reproductive reserves fixed in the eggs and µ E is 502 the reserve energy content. 503
504
The total biomass was calculated as individual weight multiplied by the number of 505 individuals. Once an individual has reached the volume (V p ) at sexual maturity, a portion of 506 the total energy reserve is stored in the sea urchin reproductive reserves (E R ): 507
where, K is the catabolic flux to growth and maintenance, ! is the catabolic rate and ! is the 511 maturity maintenance 512
513
The DEB model simulates the process within individuals. However for this model it is 514 necessary to know how a non-reproducing stock (N) will decrease in size with time, due to 515 mortality. The decrease of the sea urchin stock size is calculated in Eq. 29 where due to the 516 planktonic nature of sea urchin larvae, it is assumed they will be dispersed from the IMTA 517 site and thus reproduction will represent a net energy loss and restocking of the sea urchins 518 will be necessary. However, the release of the larvae will contribute to restocking the native 519 sea urchin population. 520 
Assumptions and simplifications 536
The overall model's key assumption is that all nitrogen released by the various IMTA 537 components is dispersed homogenously within a quantified water volume defined as the 538 IMTA site water volume (see section 2.3). It is also assumed that all the nitrogen available in 539 the IMTA site volume is in a form suitable for uptake; thus the model does not distinguish 540 between nitrate and ammonium. Correspondingly, the model does not take into account the 541 interactions between nitrate and ammonium within the environment and organisms, such as 542 the role of sediment and water in the nutrient dynamics or denitrification. The increase of 543 light limitation due to increased self-shading as the seaweed grows was not considered, 544 neither was the shading caused by phytoplankton. Data from Broch and Slagstad (2012) could 545 be used to derive a seaweed self -shading formula from which an add-on model could be used 546 to simulate the changes in k. In this study the light extinction coefficient (k) was a constant 547 (k=1). In the seaweed growth submodel the small biomass loss due to mechanical damage 548 caused by harvesting was not included. It is also assumed that nitrogen is the only nutrient 549 limiting seaweed growth. Additionally, the seaweed biomass used as initial biomass is 550 assumed to have an average
2 N quota (this can be regulated by using 551 nitrogen deprived seedlings). When seaweed is harvested it is assumed that the N quota of the 552 harvested seaweed is equal to the maximum N quota due to the high availability of DIN in the 553 virtually closed system. The assumption that the seaweed harvested has this high nitrogen 554 quota might lead to overestimation of the bioremediation efficiency and the effect of lower N 555 quota at harvest was examined in the sensitivity analysis (Tables 5 and 10) . From a farm 556 practice perspective it is assumed, that the relative position of the extractive organisms in 557 relation to the fish cages is such that it ensures high O 2 availability for the fish. For the Page | 17 salmon growth model, excretion, faeces production and feed loss were assumed to be steady 559 during the 18 month production period while in reality they change as the fish grow. 560 561 2.6 Production specifications of the baseline simulation 562
The results presented are from the IMTA baseline simulation, which was parameterized using 563 data acquired from the literature and from commercial salmon farm sites. The environmental 564 data such as monthly variations in seawater temperature and irradiance were acquired from 565 empirical databases for the West coast of Scotland and the production-specific input data 566 from Scottish commercial salmon farm sites (Figs. 2 and 3) . Typically, S1 smolts are 567 transferred to sea in spring (April-May), so April is set as simulation time 0 and the model 568 The baseline simulation run estimated that the mean individual fish biomass after 540 days 579 (18 months) was 3.78 kg (Fig. 4a ) and the salmon stock decreased by 16,525 individuals 580 from 280,883 to 264,358 individuals (Fig. 4b) . 581 582 Insert fig. 4 here 583
584
During the 18-month production period, 348 t of seaweed and 50 t of sea urchins were 585 produced and harvested as well as the targeted 1000t of salmon ( Table 2 ). The seaweed 586 achieved high growth rates, especially during the summer months (Fig. 5) . The effect of the 587 growth limitation factors on the seaweed growth rate is presented in Fig. 6 . The lower 588 seaweed growth rate during the first 300 days (10 months) of the simulation (Fig. 5) can be 589 mainly attributed to low levels of nitrogen available for uptake (Figs. 6 and 10) . It is clear that 590
in the hypothetical baseline model scenario, during the first 300 days of the simulation 591 seaweed growth is mainly limited by the availability of nitrogen. Temperature limits growth 592 more during the colder months (October -April) while, the effect of light intensity is rather Page | 18 stable throughout the year (Fig. 6) . It should be emphasized here that site specific shading 594 caused by phytoplankton or seaweed self shading does not contribute to light limitation in the 595 baseline simulation (see section 2.5 for more details). 596 597 Insert Fig. 5 and fig. 6 here 598
599
The aim of the IMTA model developed was to achieve high bioremediation efficiency. 600
Sustaining the seaweed biomass at a high density at all times, using the harvesting instruction 601 (described at section 2.3), played an important role in achieving this (Fig. 7) . The first 602 seaweed harvesting occurred 330 days after the simulation start, following which there was 603 enough nitrogen available due to the large size of the fish and the environmental conditions 604 were also favorable for the remaining seven months of the simulation (April -October) (Figs. 605 3 and 6) thus ensuring constant high growth rate and harvesting at 10-day intervals (Fig. 7) . fig. 8 and fig. 9 here 616 617
Test scenario bioremediation potential 618
For the production of 1,000 t of salmon with average feed conversion ratio (FCR) of 1.02 and 619 feed nitrogen content 7.2%; the model shows that 80 t of nitrogen are introduced into the 620 system over the 540 day simulated production period. From this 80 t, only 38% will be 621 accumulated by the fish and incorporated into their biomass. The remaining 62%, which 622 under the production scenario described above (production of 1000t of salmon) is 49.6 t, will 623 be released into the environment as dissolved and particulate nitrogen. Under the 624 environmental conditions and production method of the test scenario the total nitrogen 625 released to the environment from the IMTA site would be 36% less (31.8 t instead of 49.6 t) 626 than what would have been released from a salmon monocutlure farm of the same capacity. In 627 detail, the amount of nitrogen released from salmon monoculture would be 62% of the 628 exogenous nitrogen input but only 39% in the IMTA system since a large proportion of theecosystem via harvesting (Figs. 9 and 10 ). Fig. 10 shows the gradual increase in nitrogen 631 within the IMTA system over the simulated production period. 632
641
In the salmon submodel, the growth and nutrient uptake is most sensitive to change in the 642 TGC and secondarily on variation in the FCR (Table 3) . 643
644
Insert Table 3 here 645
646
In the seaweed submodel, all output variables were most sensitive to parameters affecting 647 growth and nutrient uptake either indirectly through nitrogen uptake and nitrogen content of 648 the seaweed tissues, wet/dry ratio and the culture depth or directly through maximum growth 649 rate, temperature and nitrogen input from salmon excretion. These results show the overall 650 importance of temperature and nitrogen uptake for seaweed growth (Table 4 ). All parameters, 651 apart from culture depth that was negatively correlated with seaweed biomass harvested, were 652 positively correlated with the output variables. Also, increasing parameter values mirrored the 653 effect on the model output of decreasing parameter values, which indicates that most 654 parameters affected growth linearly. 655
656
Insert Table 4 here 657
658
In the sea urchin submodel the output variables were most sensitive to parameters related to 659 temperature. Other sensitive parameters included the maximum surface-specific feeding rate 660 (Table 5) , the volume specific cost of growth and the ratio of carbon to energy content. An 661 increase in the value of T L had a strong negative effect on the output variable 'harvested sea 662 urchin biomass' (sensitivity -9.96), while a reduction caused a weak positive effect 663 (sensitivity 0.08). Overall, this analysis revealed that the DEB model was most sensitive to Page | 20 parameters (Table 5) while changes in the remaining DEB input variables had little effect on 666 growth (sensitivity < 1). 667
668
Insert Table 5 here 669 670 Table 6 summarizes tables 3 to 5 in the context of the overall model. The most sensitive 671 parameters within the salmon and seaweed sub-models are also the most sensitive to 672 outcomes of the overall model. The most sensitive parameters of the DEB sub-model do not 673 play such an important role within the overall model performance due to the sea urchin 674 biomass being very small in comparison to that of salmon and seaweed (Table 6) . 675 676 Insert Table 6 here 677 678
Discussion 679
The aim of this study was the development of a dynamic tool for relative comparison of 680 different IMTA scenarios at a given production site, rather than the generation of absolute 681 bioremediation and production estimates. The model results presented are derived from a 682 baseline simulation, which can be re-parameterised to simulate different scenarios. nitrogen released from a salmon farm producing 500 t of salmon in two years. However, the 692 results presented, as the results from any other IMTA model or trial, cannot be directly 693 compared with output from similar studies due to the fact that the productivity of an IMTA 694 farm depends on local environmental characteristics, the species combination used, the 695 duration of the grow out seasons and other factors. Moreover, linear interpolation of results 696 from studies with shorter durations can lead to misestimating results. Thus a large variance in 697 production and bioremediation results is natural. The results of this study are in the same 698 order of magnitude as the results acquired from the studies mentioned above; however they 699 suggest higher bioremediation potential, possibly largely due to the harvesting method 700 applied. Specifically, it was estimated that 35% of the total nitrogen released from a salmon of Ulva sp suggesting a very high bioremediation efficiency. Aiming to achieve 100% 703 bioremediation (i.e. no available nitrogen above the ambient concentration occurs at any 704 given time), especially without the addition of external feed sources for the extractive 705 organisms and while sustaining the quality of the extractive organisms, is unrealistic and 706 might only be possible in a fully closed system such as a Recirculating Aquaculture System 707 (RAS). Nonetheless, even at lower bioremediation efficiencies, the model already 708
demonstrates the environmental benefits of IMTA. 709
710
The simulated growth for juvenile and adult sea urchins showed good correspondence with 711 empirical data, although the reference temperature for which all the DEB constants were 712 calculated was 20°C (Table 2) 
